Power electronics is a key technology for electric, hybrid, plug-in hybrid, and fuel cell vehicles. Typical power electronics converters used in electric drive vehicles include dc/dc converters, inverters, and battery chargers. New semiconductor materials such as silicon carbide (SiC) and novel topologies such as the Z-source inverter (ZSI) have a great deal of potential to improve the overall performance of these vehicles. In this paper, a Z-source inverter for fuel cell vehicle application is examined under three different scenarios. 1. a ZSI with Si IGBT modules, 2. a ZSI with hybrid modules, Si IGBTs/SiC Schottky diodes, and 3. a ZSI with SiC MOSFETs/SiC Schottky diodes. Then, a comparison of the three scenarios is conducted. Conduction loss, switching loss, reverse recovery loss, and efficiency are considered for comparison. A conclusion is drawn that the SiC devices can improve the inverter and inverter-motor efficiency, and reduce the system size and cost due to the low loss properties of SiC devices. A comparison between a ZSI and traditional PWM inverters with SiC devices is also presented in this paper. Based on this comparison, the Z-source inverter produces the highest efficiency.
I. INTRODUCTION
Advanced electric drive vehicles such as hybrid electric vehicles, plug-in hybrid electric vehicles, fuel cell electric vehicles, and pure electric vehicles, require power electronics to function. As a result, power electronics play a key role in the success of electric drive vehicles [1] , [2] . Typical power electronics converters in electric drive vehicles include unidirectional and bidirectional dc/dc converters, three-phase inverters and battery chargers. There are various topologies depending on the vehicle version and car makers' choices.
Power modules represent more than 50% of the power electronics cost in electric drive vehicles. Therefore, the development of new power devices is a critical aspect for power conversion applications along with novel topologies and control methods. Since SiC is a wide bandgap semiconductor, SiC devices have a lower specific on-state resistance and can operate at high temperature. SiC devices also have excellent reverse recovery characteristics and can be switched at higher frequencies than their Si counterparts [3] - [5] . Therefore, SiC devices are expected to replace the Si devices in highvoltage, high-temperature and high-frequency applications. A. To date, SiC-based controllable switches, however, have only been available as research samples [4] , [6] - [9] . Because of the wide speed range for constant power operation in fuel cell vehicles (FCVs), the electric motor and the inverter need to be oversized. A Z-source inverter could be an excellent solution for this application through efficiency, cost and reliability improvements [10] - [14] . A Z-source inverter uses a unique impedance circuit to couple the inverter main circuit to the power source that cannot be seen in the conventional inverters where capacitors and inductors are used [10] - [14] . This paper presents a Z-source inverter with SiC power semiconductor devices for FCV applications. The paper is organized as follows: In Section II the basic configuration of the system and the control system are briefly described. In Section III the power losses of the ZSI are analytically modeled. In Section IV the ZSI is examined in three different scenarios: 1. conventional Si IGBT modules, 2. hybrid modules, Si IGBTs/SiC Schottky diodes, and 3. SiC MOSFETs/SiC Schottky diodes. The losses and efficiency of the three designed inverters are evaluated in Section V. Finally, a comparison between a conventional inverter and the ZSI with SiC devices is presented in Section VI.
II. SYSTEM CONFIGURATIONS AND CONTROL
Fuel cell vehicles have the potential to significantly reduce dependence on oil and harmful emissions that cause climate change. For fuel cell vehicle (FCV) traction, electric motors require high voltage at high speed and high power. Therefore, the inverter and motor are usually oversized to meet the high power and high speed needs if a conventional three-phase inverter is employed as a power electronics converter. In order to overcome these problems in conventional voltage-source inverters, a Z-source inverter is used. Fig. 1 shows the traction drive system configuration of a Z-source inverter for FCVs. It consists of a fuel cell stack, an impedance network, a three-phase inverter and a three-phase motor. The Z-source inverter employs a unique impedance network coupled with the inverter main circuit to the power source. The dc voltage fed to the impedance network, consists of two equal inductors and two equal capacitors. The network inductors are connected in series arms and the capacitors are connected in diagonal arms. Compared with a traditional voltage-source inverter, the Z-source inverter has an extra switching state: the shootthrough state, as can be seen in Fig. 2 [10] - [14] . During the shoot-though state, the output voltage to the load terminals is zero, which is the same as the traditional zero states. Therefore, to maintain a sinusoidal output voltage, the activestate duty ratio has to be maintained and some or all of the zero states have to be turned into a shoot-through state. The Z-source network makes the shoot-through zero state possible. This network also act as a second order filter and it should required less inductance and less capacitance. The shootthrough zero state provides the unique buck-boost feature to the inverter dependent on the value of the boost factor [10] - [14] . Fig. 2 shows the carrier-based PWM technique with shoot-through zero states in order to control the Zsource inverter. In every switching cycle, two shoot-through zero states are used along with two adjacent active states to synthesize a desired voltage. It should be noted that each phase leg still switches on and off once per switching cycle. Without changing the total zero-state time interval, the shoot-through zero states are evenly allocated into each phase. That is, the active states are unchanged. However, the equivalent dc-link voltage to the inverter is boosted because of the shoot-through states. The detailed relationship is analyzed in [10] - [14] .
III. MODELING OF SEMICONDUCTOR POWER LOSSES OF
THE ZSI The losses of a switching device can be divided into three parts: the off-state loss, the conduction loss and the switching loss. The leakage current during the off-state is negligibly small therefore the power losses during this state can be neglected. As a result, only conduction and switching losses are usually considered.
The transistor and diode currents, and thus the power losses depend a great deal on the modulation techniques used for the inverter. In the carrier-based sinusoidal PWM scheme, the six switches of a traditional inverter are treated as three independent phases and each phase is pulse width modulated by a sine wave function. The duty cycle of the pulse waveform varies over a longer period of the sine wave. This effectively produces sine wave voltages on all three phases that may be varied in both amplitude and frequency.
Under constant frequency conditions the duty cycle can be simplified in terms of the phase angle θ . where m a is the modulation index.
To simplify the calculation of the transistor and the diode currents, the phase current can be assumed to be sinusoidal. The phase current for a motor normally lags the phase voltage by the phase angle ϕ. Thus, we define the phase current and the duty cycle according to the following equations.
Assuming that the transistor current is fairly constant over one PWM cycle, the average current over that cycle is the current times the duty cycle.
The average diode current may be found in a similar manner.
The rms currents of the transistor and the diode are found by integrating the current squared times the duty cycle.
Then, the conduction losses of the transistors and diodes are calculated by (8) and (9) and depend on the average and the rms values of the current through the valves.
where V CE,0 and V F,0 are the threshold voltages and R Q,on and R D,on are the on-state resistances of the transistor and the diodes, respectively.
The switching energy is a function of current and varies over the sine wave period. The average switching losses may be found by summing the power loss for each cycle and then dividing by the number of samples.
Using a linearized model of the switching losses versus current the switching energy may be expressed as:
The maximum switching energy in this equation is the total switching losses at the peak current of the sine wave. Linear interpolation may be used to find this energy from measured values. A continuous form solution may be found for systems where the carrier is much higher than the sine frequency. Because the current in each transistor is zero for half of the sine period, the integral is again evaluated from zero to π.
Thus, the switching losses are directly proportional to the switching frequency.
The power losses of a Z-source inverter can be categorized into six parts: the conduction loss of the transistor during the non-shoot-through states, the switching loss between the non-shoot-through states, the conduction loss of the transistor during the shoot-through state, the switching loss of the shootthrough state, the conduction loss and the reverse recovery loss of the diode during the non-shoot-through states. Therefore, the conduction and switching losses the transistor and the diode change because of the shoot-through states.
From the above discussion, the conduction loss of a ZSI can be expressed as: P Q,con = P Q,con,NST + P Q,con,ST (13)
where P Q,con,NST and P Q,con,ST are the conduction losses of the transistors during the non-shoot-through states and the shootthrough state, respectively. P D,con,NST is the conduction loss of the diodes during the non-shoot-through states.
Assuming that the shoot-through duty cycle is D, the corresponding conduction losses of the transistors and diodes during the non-shoot-through states can be calculated as:
where T 0 is the shoot-through period in a switching cycle T s . It is assumed that the inductor current is high enough so that all transistors conduct during the shoot-through state, the average current through the transistors during the shootthrough is 2I L /3, the conduction loss of the transistors during the shoot-through is [14] :
where V in is the dc input voltage (fuel cell stack). As mentioned before, the switching loss of the transistors for a Z-source inverter is divided into two parts: the switching loss between the non-shoot-through states, and switching loss of the shoot-through state. The switching loss of the transistor between the non-shoot-through states can be calculated by [14] :
During the shoot-through state, the current from the dc side is 2I L . Assuming that the current is evenly distributed among the three phase legs, the average switching current of the shoot-through state is 2I L /3. In each cycle, there are three shoot through switchings, thus the shoot-through switching loss of each transistor is [14] :
Since some of the turn-off states of the diodes are turned into shoot-through turn off states, the reverse recovery loss of the diodes is decreased in a way similar to (20).
By using the methods introduced above, the total loss of the inverter bridge can be calculated.
IV. COMPARISON EXAMPLE
The intention of this paper is to present a comparison of the Z-source inverters for different power semiconductor materials. Hence, a comparison example is conducted with the following specifications:
Maximum power: 50 kW; Fuel cell voltage at maximum power: 250 V; Maximum fuel cell output voltage: 420 V;
Motor power factor (PF) at maximum power: 0. In the Z-source inverter, the voltage stress of the switches can be calculated by [10] - [14] :
The peak current through the switches occurred at the peak power during the shoot-through state. The peak current through the switch can be expressed as [10] - [14] :
where I Load,max is the maximum load current which occurs at the maximum power and I L,max is the peak current through the inductor. For the sake of keeping the voltage stress across the devices at 400 V, the modulation index of the Z-source inverter is considered to be 0.94 based on (22). Hence the peak voltage across the switches and the diode is 400 V and the maximum current through the switches is 243 A using (23). It is noted that the current ripple is assumed 60% of the peak-topeak. Therefore, the devices can be selected for the Z-source inverter. In the following, the devices are selected for Z-source inverter based on three different scenarios: 1. conventional Si IGBT modules, 2. hybrid modules, Si IGBTs/SiC Schottky diodes, and 3. SiC MOSFETs/SiC Schottky diodes.
A. Conventional Si IGBT Modules
Based on the resulting maximum voltage and current, the switches chosen for the ZSI are 600V/300A 6MBP300RA060 IGBT-IPMs, from Fuji Electric [15] .
B. Hybrid Modules, Si IGBTs/SiC Schottky Diodes
Cree has developed 600V/75A SiC Schottky diodes for an ORNL project [8] . Since the ZSI used in this paper has 600V/300A, four 75-A SiC Schottky diodes are employed to replace one 300-A Si diode of 6MBP300RA060. For the 75-A SiC Schottky diode, the forward voltage drop and the series resistance are temperature dependent and their values are given by (24) and (25) [8] . 
where T is the temperature in degree centigrade. An experimental test of the energy losses per turn-off of a 75-A SiC Schottky diode shows that the energy losses of the SiC Schottky diodes are negligible [8] .
C. SiC MOSFETs/SiC Schottky Diodes
In the SiC-based system, the IGBTs are replaced with SiC MOSFETs and the Si diodes are replaced with SiC Schottky diodes. In the SiC-based drive system, a 1.2-kV 4H-SiC DMOSFET is used as the main power switch. Since commercial SiC MOSFET module data are not currently available, their parameters are calculated by two-dimensional numerical simulations and theoretical analysis [4] , [16] . A 1.2kV/20A SiC Schottky diode is used in the SiC-based drive system to replace the Si diode. The parameters are estimated based on the commercially available SiC Schottky diode CSD20120 (1.2kV/20A) datasheet. The parameters of the proposed SiC MOSFETs/SiC Schottky diodes and the IGBT modules are compared in Table I [4].
V. COMPARISON OF LOSSES AND EFFICIENCY
A losses and efficiency comparison is conducted based on the specifications of the inverter and the induction motor as introduced above. The operation conditions at different power levels are listed in Table II . The resulting motor currents are also shown in Table II . The semiconductor power losses are calculated using methods introduced in Section III. For the sake of computing the motor losses and efficiency, a simplified model of the motor is employed as shown in Fig. 3 , where R C corresponds to the core loss, R s and R r are the stator and rotor resistances, respectively, I m is the magnetizing inductance, L L is the leakage inductance and Fig . 4 depicts the total ZSI losses as a function of the power in the three investigated scenarios. This figure shows that the ZSI with the SiC-based material features less losses and therefore superior efficiency, compared to the other modules in the three investigated scenarios. The loss distribution of the considered Z-source inverters is shown in Fig. 5 if a power of P o = 50 kW and a constant carrier frequency of f C = 10 kHz are assumed. It is interesting to note that the Z-source inverter losses of the Si-based IGBT modules and hybrid modules are increased by 238.40%, and 230.28%, compared to the SiC module. Furthermore, the ZSI with the Si IGBT modules, and the ZSI with the hybrid modules generate 358.88% and 332.03% more semiconductor losses, compared to the ZSI with the SiC modules, if a power of 10 kW is applied, see Fig. 6 . Note that the parameters of the semiconductor devices are considered at junction temperature T j = 125 • C.
The calculated efficiencies of the designed inverters, as well as those of the inverter-motor system, are listed in Table III and IV, respectively. The calculation results are also plotted in Figs. 7 and 8, respectively. Based on the comparison below, the ZSI with the SiC materials provides the highest efficiency. This high efficiency can reduce both the thermal requirements and cost.
VI. COMPARISON BETWEEN A Z-SOURCE INVERTER AND A CONVENTIONAL PWM INVERTER
As previously mentioned, conventional 3-phase PWM inverters are currently being used for FCVs. An efficiency comparison between ZSIs and conventional PWM inverters with SiC power devices is conducted based on the following conditions: the conventional inverter is always operating at a modulation index of 1, and the Z-source inverter outputs the maximum obtainable voltage while keeping the switch voltage Table II . The calculated efficiencies of the inverters, as well as those of the inverter plus the motor, are listed in Table V and VI, respectively. Based on the comparison below, the highest efficiency is archived in the case of using a Z-source inverter.
VII. CONCLUSIONS
In this paper, a 50 kW Z-source inverter is investigated for fuel-cell vehicle application with three different modules: 1. Traditional Si IGBT modules, 2. Hybrid modules, Si IGBTs/SiC Schottky diodes, and 3. SiC MOSFETs/SiC Schottky diodes. The results show that the ZSI with the Si IGBT modules has the biggest losses and that the power loss of the SiC inverter is about one-third of those for the Si IGBT inverter. Consequently, the efficiency of the ZSI and the ZSI-motor system with SiC-based devices has the highest efficiency. It can be concluded therefore that the SiC power devices have the advantages of smaller losses, higher efficiency and smaller size in the same traction drive system of the Zsource inverter for fuel cell vehicles. A comparison between a ZSI and a traditional PWM inverter with SiC devices also shows that the ZSI produces the highest efficiency.
